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1 .O INTRODUCTION AND SUMMARY 
This repo r t  documents the r e s u l t s  o f  several Shuttle/GPS studies 
conducted by Axiomatix under Contract NAS 9-1 53878 f o r  NASA's Johnson 
Space Center. These studies augmnt the studies conducted by Axiomatix 
f o r  NASA under the companion contract  hAS 9-1 5387C. Several o f  the 
inves t iga t ions  reported here, such as the GPS system se l f - t es t ,  the 
ground t ransmit ter ,  and the ionospheric model i n g  invest igat ions,  grew 
ou t  o f  needs which were developed i n  the Shuttle/GPS Panel meetings t h a t  
Axiomatix pa r t i c i pa ted  i n .  The e f f e c t s  o f  o s c i l l a t o r  noise and the t ran-  
s i e n t  maneuver analyses were conducted as p a r t  o f  the e f f o r t  t o  determine 
the  GPS receiver  performance i n  the Shut t le  environment. These studies 
and inves t iga t ions  are sumnarized b r i e f l y  helow. 
The i nves t i ga t i on  of the e f f e c t s  of o s c i l l a t o r  noise on the GPS 
receiver  developed comprehensive model s  o f  the osc i  11 a t o r  phase noise 
process and the phase lock  loop response t o  phase noise. I t  i s  shown 
that,  f o r  a  reasonably low phase noise o s c i l l a t o r ,  the degradation t o  
Shut t le  GPS receiver  performance i s  neg l i g ib le .  
A ShuttleIGPS receiver  sel  f - t e s t  mode i s  invest igated. This 
i nves t i ga t i on  was motivated by the desi re t o  u t i l i z e  the one good GPS 
receiver  i n  the doubly redundant system i n  the event o f  one f a i l u r e .  
A v iable technique i s  developed t h a t  i s  capable o f  t e s t i n g  the  GPSI 
Shut t le  data interfaces, as wel l  as the rece iver  i t s e l f .  
Since the Shut t le  w i l l  u t i l i z e  GPS before the f u l l  cons te l l a t i on  
o f  24 sate1 1  i tes i s  deployed, i t  may be desi rable t o  use a  GPS ground 
t ransmi t te r  f o r  Shut t le  landing operations. Such a  ground t ransmi t te r  
i s  described and a  cost  estimate made. 
The GPS system u t i l  izes two frequencies, L! and L2, t o  cor rec t  
f o r  ionospheric delay. An i nves t i ga t i on  i s  performed t o  determine i f  
the ionospheric delay could be modeled so t h a t  dependency on L2 might 
be eliminated. The conclusion i s  reached t h a t  t h i s  i s  not  p rac t i ca l  and 
i s  a  poor receiver  complexity t rade-of f .  
Since the Shut t le  f i r e s  thrusters t o  i n i t i a t e  maneuvers wh i le  i n  
o r b i t  , transients o f  range accelerat ion o r  j e r k  occur. Such t rans ien ts  
can cause narrowband receivers t o  lose lock. Thus, the performance o f  
a  ShuttleIGPS receiver  w i t h  t yp i ca l  Shut t le  t rans ien t  maneuvers has been 
analyzed. Worst-case receiver  bandwidths were used and i t  i s  shown that  
the receiver  tracking performance i s  negl i g i  b ly  af fected.  
2.0 EFFECTS OF OSCILLATOR NOISE ON SHUTTLE GPS 
RECEIVER PERFORMANCE 
Osci 1  l a t o r  phase noise, genera l l y  r e f e r r e d  t o  as l / f  noise, 
degrades the doppler measurement c a p a b i l i t y  of  the GPS rece iver  and, 
i f  severe enough, can r a i s e  the  rece i ve r  threshold.  This 1  a t t e r  e f f e c t  
can cause the  rece iver  t o  lose  l ock  prematurely, lose data, or: take 
longer  f o r  a c q u i s i t i o n  o f  the PN s igna l .  The ex ten t  o f  r ece i ve r  degra- 
da t i on  i s  dependent on the  rece i ve r  c a r r i e r  t r ack ing  loop bandwidth and 
the phase noise spec t ra l  dens i t y  o f  the c a r r i e r .  Thus, i t  i s  impor tant  
t o  analyze the c a r r i e r  (Costas) t r ack ing  loop phase e r r o r  caused by l/f 
noise f o r  nominal Shu t t l e  GPS rece i ve r  bandwidths and a t y p i c a l  "good" 
o s c i l l a t o r  phase noise spec t ra l  densi ty.  The f o l l o w i n s  analys is  has thus 
been performed, and the r e s u l t s  show t h a t  l / f  noise i s  n o t  expected t o  
degrade rece i ve r  t r ack ing  o r  data performance. 
Analysis 
The model o f  the phase locked c a r r i e r  t r ack ing  loop used f o r  the  
ana lys is  i s  given i n  Figure 1, where 
S ( t )  = EA s i n  [ u 0 t +  e o ( t ) ]  
and A = amplitude o f  i n p u t  s igna l  
o0 ( t )  = i n p u t  phase (may be constant o r  may represent doppler  
o r  frequency of fset )  
r ( t )  e reference vo l tage = A K~ cos [uOt + go( t ) ]  
K1 = vol tage ga in  
8 ( t )  = phase est imate 0 
~ ( t )  = dynamic phase = K d y ( t )  r ( t )  ( a t  baseband) 
= K d A  K1 s i n  p ( t )  
Kd = de tec to r  ga in  
g(  t )  = i l O ( t )  - i O ( t )  = phase e r r o r  
The VCO operat ion i s  g iven b j  
Assume noise = 0  and a c q u i s i t i o n  vo l tage (a.v. ) = 0, so t h a t  

K 4 K, Kd Kv = loop ga in  and thus ~ ( t )  = e & t )  - A K  f ( s )  s i n  ( ( s )  . L e t  I 
Eq uas t i o n  (1) i s  the non l inear  i n t e g r a l  equat ion t h a t  represents opera t ion  
o f  the  phase l ock  loop. I t s  equ iva len t  mathematical model i s  shown i n  
F igure 2. 
VCO 
Figure 2. Mathematical Model of Nonl inear  Phase Lock Loop 
Assume the phase e r r o r  4 i s  very small;  then s i n  + = q, and the  
loop w i l l  be 1 i nea r i zed  and w i l l  take the form shown i n  F igure 3. 
I- 
Figure 3. L inear i zed  Track ing Loop 
The 1  i n e a r l z e d  closed- loop t ransfer  funct ion H(s)  ^eo(s)/eo(s) from 
Figure  3 i s  
L e t  G =- s ; then G e o - ~ ' e o  = Go, $ ( l + G )  = Gee. and 
The r e l a t i o n s h i p  between ( (s )  and e0(s) i s  
The equ iva len t  f i l t e r  i s  shown i n  Figure 4. 
F igure  4 .  Equivalent Noise F i l t e r  
Assume the power spectra l  density o f  the e r r o r  process $ ( t )  t o  
be S4(f ) ,  and Se,,(f) i s  the power spectral  densi ty  o f  the e r r o r  process 
go( t ) .  Then, 
I f we assume the process 6,,(t) has a n u l l  mean value, then 
- 
ao ( t )  = $ ( t )  i ( t )  = 0 
and the variance of the e r r o r  phase process $ ( t )  i s  
I t  i s  required 
assumptions: The loop 
t o  ca lcu la te  0: using (5 )  under the fo l lowing 
f i l t e r  i s  as shown i n  Figure 5. 
Figure 5. Loop F i  1 t e r  
The loop f i l t e r  t r ans fe r  funct ion F( jw)  can be ca l cu l a ted  as f o l  l o w  [ I  ,2]: 
where r2 = R2C 
T' 1 = (R1+GR1+RP) C 
Assume G i s  r e l a t i v e l y  large; then 
where r2 = R2C and rl = RIC . 
The na tu ra l  angular frequency of t h e  loop un i s  a1wa.Y~ given 
by E l l :  
and the  damping constant L by 
This imp l i es  
2 1  u = A K c 2 / 7 1  . 
n 
S u b s t i t u t i n g  F( j , , , )  of ( 6 )  i n t o  ( 2 )  gives 
Using ( 7 )  and (9), we get:  
and 
It i s  r e ~ s o n a b l e  t o  assume t h a t  the  c s c i ? l a t o r  phase noise spec- 
t r a l  densi ty  S O 0 ( f )  has t h e  shape g iven i n  Figure 6 and denoted by ~ ( f ) .  




















































































Subs t i t u t i ng  values o f  (10) and (11) i n  ( 5 )  g ives 
Equation ( 5 ) ,  t he  t r ack ing  e r r o r  variance, w i l l  be evaluated f o r  a narrow- 
band t r a c k i n g  loop, represen ta t i ve  o f  a code t r a c k i n g  loop, where 
w = 2 rad/sec, and f o r  a  wider  t r a c k i n g  loop, wn = 30 rad/sec, representa- n  
t i v e  o f  the c a r r i e r  t r ack ing  loop. I n  both cases, t h e  rece i ve r  IF 
bandwidth i s  taken as 30 Hz. 
The values o f  i n t e g r a l s  Il . 12, and I j  a re  ca lcu la ted  us ing  t ab les  
o f  i n t e g r a l s  [3] as fo l lows :  
and, from 13, p. 621, 
so t h a t  
S im i l a r l y ,  
and from [3], 
Likewise, 
and, from 131, 
where 
Upon combi 
found t o  be 
n i ng  t h e  th ree  i n t eg ra l s ,  the rms tr 
o = 5 . 7 ~ 1 0 - ~ r a d .  9 
ack ing e r r o r  i 
Proceeding i n  a s i m i l a r  manner, t he  rms e r r o r  f o r  t he  wn=30  rad/sec 
i s  found t o  be l . ~ x 1 0 - ~  rad. 
I t  i s  impor tant  t o  note t h a t  these e r r o r s  a re  ca l cu l a ted  f o r  
5 MHz o s c i l l a t o r .  
case 
a 
Since the  GPS L1 frequency i s  1.575 GHz, the o s c i l l a t o r  i s  
fo l lowed by a m u l t i p l i c a t i o n  f u n c t i o n  so t h a t  the  equ iva len t  r ece i ve r  




- - .  VCO I 
I . I I Opera t i ng I 
I frequency i s 5 H H z  I 
------- 
Figure 7. Equiva lent  V 0 Operating a t  S 1.575~10 Hz 
9 1.575 ~ 1 0  = 315 where h ( f )  = - 
5 x l o 6  
so a co r rec t i on  on e r r o r  var iance has t o  be done f o r  bo th  cases as 
f o l  1 ows : 
Case 1 w = 2 radlsec, BIF = 200 Hz/sec n 
a = 0.001 7935 rad  = 0.10256 deg . @ 
Case 2 u = 30 rad/sec, BIF = 200 Hz/sec 
n 
a = 0.00039947 rad  = 0.02289 deg . @ 
Thus, i t  i s  seen t h a t  the phase e r r o r  due t o  o s c i l l a t o r  no ise i s  n e g l i g i b l e .  
3.0 GPS NAVIGATION SYSTEM SELF-TEST 
System s e l f - t e s t  i s  a  concept t h a t  enables t he  GPS Navigat ion 
System t o  v a l i d a t e  i t s  own performance i n  r e a l  t ime dur ing  a  mission. 
Th is  concept should no t  be confused w i t h  c e r t a i n  av ion ics  B u i l t - l n  Test 
E.,:uipment (BITE) which i s  u s u a l l y  used t o  i s o l a t e  processor f a u l t s  t o  the 
1r:)dule o r  board l e v e l .  Also, BITE i s  sometimes a  software functi0.n irsed 
::o v e r i f y  the  c o r r e c t  opera t ion  of r ece i ve r  software and firmware. An 
?xample o f  such a  BITE func t i on  f o r  a  GPS rece i ve r  i s  g iven i n  Table 1. 
Table 1. Sequent ial  Receiver B u i l t - I n  Test Concepts 
f o r  So f tware /F i rmare  
e Power Fa i 1 /Restar t  I n t e r r u p t  
- Performs c r i t i c a l  data memory v a l i d i t y  check on r e s t a r t  
- C a l l s  system i n i t i a l i z a t i o n  on r e s t a r t  
- Flag made a v a i l a b l e  t o  d i s t i n g u i s h  f a i l  from r e s t a r t  
@ Computation E r r o r  I n t e r r u p t s  
- F loa t i ng  p o i n t  microcode 
- FORTRAN 1  i b r a r y  e r r o r s  
- E r ro r s  tabulated and computation cont inued o r  process res ta r ted ,  
depending on e r r o r  
0 Time-out E r r o r  
- Used f c .  stack overflow, jump t o  r e s t a r t  
@ Se l f -Test  Background Task 
- AFI moni tor ing 
- ROM checksum 
- RAM rezd/s tore/ res tore/compare t e s t s  
- C r i t i c a l  data memory checksum 
@ Each 1/0 Ta:k ?rovides B i t  Functions 
Since the basel ine Shu t t l e  GPS Nsvigat inn System i s  a  two-s t r ing  
system, when t b >  two GPS nav iga t ion  so lu t ions  do no t  agree due t o  a  mal- 
f unc t i on  i r  one of the  s t r i ngs ,  both a re  discarded and the Shu t t l e  
u t i l  i. ?s the basel ine nav iga t ion  system ( i .e . ,  TDRSS doppler, o r  TACAN). 
An e f fec t i ve  s e l f - t e s t  f ea tu re  would d i sc l ose  which GPS rece iver  was 
s t i l l  p rov id ing  good nav iga t ion  data and enable t h i s  data t o  be u t i l i z e d  
by the  Shut t le ,  if so desired. 
The des i rab le  features o f  a  s e l f - t e s t  f unc t i on  inc lude  the  a b i l -  
i t y  t o  prov ide a  system end-to-end t e s t  which provides an absolute i n d i -  
c a t i o n  of  t he  system hea l t h  of  t h e  e n t i r e  GPS nav iga t ion  chain.  Th is  
i n d i c a t i c q  should be a  continuous, r e a l  time, i n - f l i g h t  hea l t h  eva luat ion.  
However, i t  should a l s o  be capable of  be ing used as a  maintenance t o o l  
t o  check ou t  the rece i ve r  performance p r i o r  t o  i n s t a l l a t i o n  i n  the  Shut- 
t l  e. Each GPS rece i ve r  should have i t s  own s e l f - t e s t e r ,  independently 
operated. The s e l f - t e s t  should p rov ide  a  v e r i f i c a t i o n  o f  r ece i ve r  " f r on t  
end" heal th,  i nc l ud ing  t r ack ing  and data funct ions,  and pseudo range 
and doppl e r  measurement funct ions.  I t  i s  a1 so poss ib le  t o  consider 
v e r i f i c a t i o n  of r ece i ve r  processor and memory heal th .  Th is  can be 
accomplished by a  " t e s t  s t a t e  vector"  and " t e s t  b i t e "  i n d i c a t o r  which 
a re  compared i n  the  Shu t t l e  GPC w i t h  t k e  co r rec t  design values. 
A b lock diagram o f  a  poss ib le  s e l f - t e s t  implementation f o r  a  
sequent ial  GPS rece i ve r  i s  shown i n  F igure  8. The essence of t h i s  sys- 
tem i s  the  i n t e r n a l  generat ion o f  a  GPS-1 i k e  s igna l  t h a t  t he  rece i ve r  
processes. I n  processing t h i s  s igna l ,  the  rece i ve r  must exercise, and 
thereby check out, a l l  t he  func t ions  requ i red  f o r  normal GPS s a t e l l i t e  
s ignal  recept ion.  The basics o f  the  t e s t  GPS s igna l  generat ion a re  
shown i n  the block diagram i n  F igure 9. As can be seen, the s e l f - t e s t e r  
employs a  GPS s ignal  generator t h a t  modulates an L1 c a r r i e r  w i t h  a  P  
code and appropr ia te  data stream. This  s igna l  i s  in jec ted ,  a t  an appro- 
p r i a t e  RF l eve l ,  as c lose  as poss ib le  t o  the  system antenna. The two 
most l o g i c a l  places t o  i n j e c t  the  t e s t  s igna l  a re  a t  the preamp i npu t  
and a t  the rece iver  input .  The advantage of i n j e c t i n g  the  s ignal  a t  
the  preamp i npu t  i s  t h a t  the e n t i r e  RF c i r c u i t  i s  tested; however, t h i s  
i s  accomplished a t  the expense o f  an add i t i ona l  coax cable which must 
be run  from the rece i ve r  t o  the preamp. Even though t h i s  cable can be 
a  small -diameter, r e l a t i v e l y  lossy  cable, the running o f  an add i t i ona l  
cable t o  the preamp can present problems due t o  severe space l i m i t a t i o n s .  
Alsa, t h i s  s igna l  i n j e c t i o n  a t  the preamp i npu t  w i l l  cause J s l i g h t  
increase i n  t he  preamp noise temperature. 


I n j e c t i o n  of t he  t e s t  s i gna l  a t  t h e  r ece i ve r  i n p u t  avoids the  
problem of running an e x t r a  coax cab le  t o  t he  v i c i n i t y  o f  t h e  antenna. 
I t  a l s o  avoids t h e  a d d i t i o n a l  increase 3n no ise  temperature; however, i t  
does n o t  p rov ide  f o r  checking t he  preamp. Thus, i f  a  preamp f a i l s ,  t he  
s e l f - t e s t  may s t i l l  i n d i c a t e  s a t i s f a c t o r y  opera t ion  o f  t he  system. Th is  
i s  no t  as ser ious a  problem as i t  might seem s ince  preamp1 i f i e r  f a i l u r e s  
a r e  genera l l y  "hard f a i l u r e s "  which a re  detected by o the r  r ece i ve r  hea l t h  
i nd i ca to r s ,  such as r ece i ve r  AGC. Thus, i t  would seem t h a t  t he  r ece i ve r  
f r o n t  end i s  a  reasonable p o i n t  t o  i n j e c t  the  s e l f - t e s t  s igna l .  
The s e l f - t e s t  f u n c t i o n  must be au toma t i ca l l y  the-mu1 t i p l e x e d  
w i t h  the  normal GPS s igna l  measurement f unc t i on .  Th is  concept i s  i l l u s -  
t r a t e d  i n  F igure 10 f o r  a  sequent ia l  rece ive r .  bormal ly, t he  sequent ia l  
r ece i ve r  sequences from s a t e l l i t e  number 1  s l o t  t o  sate1 1  i t e  number 2 
s l o t  and so on u n t i l  f o u r  measurements have been completed. The sequence 
i s  then back t o  s a t e l l i t e  number 1, w i t h  appropr ia te  s u b s t i t u t i o n  of new 
s a t e l l i t e s  as they become v is ib 'e .  A  t y p i c a l  frame l eng th  i s  no more 
than 24 seconds long. The t e s t  f u i c t  i ~ r ;  i s  mu1 t i p l e x e d  by c r e a t i n g  a  
f i f t h  s l o t  i n  the  frame f o r  t e s t i ~ ~ g  Cince i t  i s  no t  necessary t o  v e r i f y  
system hea l t h  as f r equen t l y  as every 30 seconds, t h e  f i f t h  s l o t  can be 
mu1 t i p l c x e d  i t s e l f  w i t h  o the r  processes such as search and a c q u i s i t i o n  
o f  a d d i t i o n a l  s a t e l l  i t e s .  Thus, a  t y p i c a l  sequence f o r  s l o t  5 might  
be two frames of search f o r  new sa te l  1  i t e s ,  fo l l owed by a  t e s t  frame. 
Th is  would prov ide hea l t h  v e r i f i c a t i o n  every 90 seconds o r  less .  S l o t  5 
cou ld  e a s i l y  be software-conf igu rab le .  
A s i m p l i f i e d  f l o w  diagram of the  s e l f - t e s t  process i s  shown i n  
F igure 11. The t e s t  s igna l  t h a t  i s  generated i s  designed such t h a t  the 
t ransmi t ted  code phase and c a r r i e r  doppler a re  preprogrammed t o  co r re -  
spond t o  a  des i red  range and range ra te .  Furthermore, the  data message 
on t,he t e s t  s igna l  would con ta in  t he  ephemerides f o r  a  favorable geomet- 
r i c a l  p o s i t i o n  o f  the " t e s t  s a t e l l  i t e . "  I f  i t  i s  des i red  t o  j u s t  v e r i f y  
r ece i ve r  RF and baseband processing, o n l y  t he  pseudo range and d e l t a  range 
words and the  data word need t o  be compared w i t h  the s to red  " t e s t "  
words. A more complete t e s t ,  however, o f  t he  r ece i ve r  i s  t o  have t he  
nav iga t ion  processor p o r t i o n  o f  the  r ece i ve r  process t h e  " t e s t "  pseudo 
range, d e l t a  range and ephemerides t o  c a l c u l a t e  a  " t e s t "  s t a t e  vector .  





































































































































































































































































































































t h i s  t e s t  a lso evaluates the GPS RPA/Shuttle data interface. This i s  
the t e s t  t h a t  i s  shown i n  Figure 11. 
4.0 GPS GROUND TRANSMITTER DESIGN TO AUGMENT SHUTTLE NAVIGATION 
When t he  S h u t t l e  en te rs  t h e  atmosphere f o r  land ing,  the re  i s  a  
poss i  b i l  i ty  o f  s i g n i f i c a n t  enhancement o f  t he  1  anding nav iga t ion  accu- 
r acy  w i t h  GPS by u t i l i z i n g  earth-based GPS t r ansm i t t e r s .  The earth-based 
GPS t ransmi t te rs ,  he rea f te r  r e f e r r e d  t o  as ground SAT, o f fer  a  nore  
favorable geometry f o r  c a l c u l a t i o n  o f  the  GPS nav iga t i on  so lu t i on .  Th is  
i s  e s p e c i a l l y  t r u e  f o r  S h u t t l e  operat ions p r i o r  t o  the  f u l l y  deployed 
GPS 2 4 - s a t e l l i t e  c o n s t e l l a t i o n .  Thc ground SAT would be loca ted  w i t h i n  
approximately several  hundred mi 1  es o f  t he  S h u t t l e  land ing  s i t e .  Th is  
sec t i on  r epo r t s  t he  r e s u l t s  o f  A x i o m t i x ' s  i n v e s t i g a t i o n  of the  design, 
p e r f o m i n c e  and c o s t  o f  t he  ground SAT. 
The f u n c t i o n  o f  t he  ground SAT i s  t o  em~qlate a  normal GPS s a t e l -  
1  i t e  transmission. O f  course, t he  data message regard ing the  ephemerides 
o f  t he  ground SAT i s  d r a s t i c a l l y  d i f f e r e n t  than t h a t  o f  the  normal GPS 
s a t e l l i t e ;  however, the  nav iga t i on  s igna l  s t r u c t u r e  i s  exac t l y  the  same. 
A f unc t i ona l  b lock diagram of a  ground SAT i s  shown i n  F igure 12. The 
major d i f f e rence  between t h i s  diagram and an equ iva len t  diagram fo r  a  
normal GPS s a t e l l i t e  i s  t he  GPS user r ece i ve r  t h a t  i s  present  i n  the 
ground SAT. Th is  r ece i ve r  i s  used t o  synchronize t he  ground SAT c l ock  
t o  the  GPS system time. To do t h i s ,  the  user r ece i ve r  rece ives t he  nor-  
mal GPS nav iga t ion  s igna ls  and solves f o r  t ime, one o f  the  parameters 
a v a i l a b l e  from GPS. The rece i ve r  need n o t  be a  very  soph i s t i ca ted  GPS 
rece i ve r  i n  terms o f  c a p a b i l i t y .  Th is  i s  because i t  i s  s t a t i cna ry ,  i .e . ,  
no dynamics, and t h a t  i t  can use a  l ong  pe r i od  of t ime t o  converqe t o  a 
h i g h l y  accurate so l u t i on .  A good candidate r ece i ve r  i s  a  Manpack 
rece i ve r  of a  Z se t .  
The o s c i l l a t o r  shown i n  F igure 12 i s  a  rub id ium o s c i l l a t o r .  The 
requirement f o r  a  high-qua1 i t y  o s c i l l a t o r  stems from the  f ac t  t h a t  i t  
may no t  be p r a c t i c a l  t o  s imultaneously t r ansm i t  the  emulated GPS nav i -  
ga t i on  s igna l  and rece ive  the normal GPS s a t e l l i t e  s igna ls  a t  the same 
l oca t i on .  A poss ib le  t rade-of f  i s  t o  remotely l o c a t e  the  GPS user 
r ece i ve r  and antenna so t h a t  they would n o t  be sa tu ra ted  by the emulated 
s igna l .  A cab le  o f  known l eng th  would then be used t o  c a r r y  the  t ime 
s igna l  t o  t he  o s c i l l a t o r .  Th is  has t he  disadvantage of r e q u i r i n g  two 
s i t e s  and the  inheren t  reduc t ion  i n  s i t e  f l e x i b i l i t y .  Furthermore, 
w i t h  the  approach wherein a  s t a b l e  o s c i l l a t o r  i s  used t o  "coast"  du r ing  

the t ransmission i n t e r v a l ,  one antenna w i t h  a s u i t a b l e  RF sw i tch  can be 
used f o r  both t ransmi t  and rece ive  func t ions .  Th is  i s  i nd i ca ted  by t he  
do t ted  l i n e s  i n  F igure 12. 
A summary o f  the  spec i f i ca t i ons  f o r  a  commercial ly a v a i l a b l e  
rubidium o s c i l l a t o r  i s  g iven i n  Table 2. I t  can be seen tha t ,  w i t h  a  
short- term - - s t a b i l i t y  o f  1 x 1 0 - ' ~  (r=100 sec) and a long-term s t a b i l i t y  o f  
~ 1 x 1 0 -  ' '/month, t h i s  o s c i l l  a t o r  w i l l  p rov ide  excel  1  en t  performance f o r  
the ground SAT app l i ca t i on .  The p r i c e  o f  the  o s c i l l a t o r  i s  approximately 
$7000. 
The ground SAT would be housed i n  a  po r t ab le  s h e l t e r  such as t h a t  
depicted i n  F igure 13. F igure 13 a c t u a l l y  shows an e x i s t i n g  ground t rans-  
m i t t e r  used I ; the  GPS J o i n t  Program O f f i c e  (JPO) f o r  the  Yuma GPS 
inver ted  range tes ts .  A b lock diagram o f  t h i s  t r a n s m i t t e r  i s  shown i n  
Figure 14. Th is  b lock diagram conta ins a1 1 the  elements shown i n  F ig -  
ure 12, w i t h  the except ion o f  t he  rubidium o s c i l l a t o r .  The c o s t  o f  t he  
JPO ground t r ansm i t t e r  has been repor ted  by JPO t o  be approximately 
$100,000, inc lud ing  nonrecurr ing costs.  Axiomatix est imates t h a t  the  
cos t  o f  a  ground SAT f o r  use w i t h  the  S h u t t l e  land ing  would be approx i -  
mately $200,000. Th is  would inc lude  t he  rubidum o s c i l l a t o r ,  t he  GPS 
user rece iver ,  and redundant elements f o r  c r i t i c a l  s igna l  paths. 
The l i n k  budge f o r  a  ground SAT i s  g iven i n  Table 3. Th is  budget 
i s  c  .:culated f o r  a  1  wa t t  t r a n s m i t t e r  and inc ludes 0.3 dB o f  antenna 
feed 1 i ne  loss.  A range of 700 m i  
range w i l l  be less .  A l i n k  margin 
which i s  more than adequate. 
l e s  was a r b i t r a r i  
o f  approximately 
l y  chosen. The actua l  
7 dB i s  obtained, 
2 5 
Table 2 .  Rubidium Oscillator Performance 
Model FRK-L Model FRK-H 
Output 10 Mtir wnr wavr CV rinr Inlo Wohmr, fla,tt~n# #round 
OPI ION 5 MIid. I MHr 
- - 
Sianal to NolselSSB 1 HL BW) I ,120 dB at 100 Hz and >I45 dB at 1000 Hz from carrier 
--- - - - - r - -- lnput Power 13W at 24 VDC. 25OC ambient; 22 to 32 VDC, peak current d u r i n ~  warm-up. 1 8A 
E nv~ronmental Effects 
Voltage Var~at~on I < 1 x 10"'110% 
< 1 x 1O"'lmonth 
1 x 10-IB = 1 sec 
4 x 10-'I T :- 10 w c  
l x 1 0 "  T .- 1Wwc 
I x lo- '  
~ 
Long Term Stability (Drift) 
Short Term Stabdity 
Tr~m Range 
'Operat~ng Temperature (6 x 10"Vrom - 40°C to + 65OC < 1 x 10-"' from -25°C to +65OC 





.- 54OC to + 7S°C 
< 4 x fO-BQ/month 
3x10-" T = lcec 
1 x 1 '  T - 10wt 
i x 10 " T = lO0 rcc 
- 
2 x lo-' 





-. -. - . . - - - - -. - . 
V~brattqn 
C 4 x 10" '/Am-' (3 x 10+"' 1 mlll~trsld) Opt~onal sh~rld ava~ l~b le  
- 
< I x l o - '  'lmbar (sea level to 21,000m) 
-- ----- -- 
95% MIL-T.54211 
__________I__.-__-_-.___. -- - -  - .- -- --- -. ----- 
MI1 -510-H10( . Mt.ltrod 51h I. Pro~ whrrv I 
- . . . - - - . - . - 
MIL-STD-BlW, Method 514 2. Procedure I 










100mmx99mmxllZmm(391n x391n  x 4 4 1 n )  
---..-- 
1 3 kg(? 9 Ibs I, w ~ t h  opttondl heat smk L t K-10. 1 55 kp(3  5 Ibs) 
An ~nternal diode and fuse protec 1s dgainst reversed polnr~ty connection 
- - - - - - - -. - -- - - --- -- 
Coaxial connector OSM 211, mates wlthOSM 501-3 or equ~vdlent 
Eight push-on connector pins 
OPTION W~nchester Connector PN SRE-ZOPj, mates w ~ t h  SRI-20Sj 
1 year, lamp and resonance cell-5 years 
_ _  _______-- __-_ _ -_ - ---I 
'Operat~ng temperature IS baseplate temperature w ~ t h  opt~onal heatsmk EEK-10 attachea H~ghest operattng 
temperature depends on heat transfer between heat s~nk and unit 






























































































































Table 3. GPS Ground Transmit ter /Shut t le  L ink L1-P 
Transmi t t e r  Output Power a t  Antenna 
Antenna Gain 
Space Loss 
Po la r i za t i on  and Atmospheric Loss 
W t t l e  Antenna Gain 
C i r c u i t  Loss 
Received Power 
System Noise Temperature 
Bol tzman's Constant 
Noise Spectral Density 
C/NO 
Required C/NO (Theoret ica l  ) 
Implementation Loss 
Requ i red C/No 
L ink Margin 
- 
. 3  dBW (1 wat t  t ransmi t te r )  
- 3.0 dB 
-153.5 dB (R=700 mi les)  
- 0.5 dB 
- 4.0 dB 








31 .6 dB/Hz 
7.2 dB 
5.0 EFFECTS OF IONOSPHERIC DELAY MODELING ON GPS RECEIVER DESIGN 
Radio waves which pass through the ear th i  s  ionosphere t rave l  more 
slowly than i n  free space due t o  group re ta rda t i on  along the ray  path. 
This re ta rda t i on  i s  propor t ional  t o  the t o t a l  number o f  f r ee  e lect rons 
encountered and, as a consequence, var ies  w i t h  the angle o f  the pa r t i cu -  
l a r  ray  path, the t ime of day, t ime o f  year, and geographic locat ion.  
The GPS navigat ion s ignals are l i kew ise  retarded by t h e i r  propagation 
through the ionosphere. This re ta rda t i on  manifests i t s e l f  as an e r r o r  
i n  the measured pseudo range, which i s  the basic observable fo r  computa- 
t i o n  of the Shut t le 's  s ta te  vector w i t h  GPS. The approach taken t o  solve 
t h i s  problem has been t o  broadcast a navigat ion s ignal  on two frequencies, 
L1 and L2, w i t h  the user receiver  measuring pseudo range on both frequen- 
cies. Since the delay i s  propor t ional  t o  the inverse o f  c a r r i e r  frequency, 
the user receiver  i s  able t o  ca lcu la te  the absolute delay and thus accu- 
r a t e l y  determine the pseudo range. This sect ion examines the feas i  b i  1  i ty 
o f  accurately model i n g  the absolute ionospheric delay, tnus e l  iminat ing 
the need f o r  two frequencies. The impact on receiver  design i s  examined 
along w i t h  the software impact t o  determine if there i s  a possib le cost  
savings f o r  the Shut t le  GPS navigat ion system. 
An RF signal propagating through the ionosphere i s  delayed by 
where K i s  a parameter propor t ional  
measurement path and F i s  the signa 
quencies, FL1 and FL2, the delay on 
and the delay on L2 i s  
t o  t:tal e  
1 frequency 
L1 i s  
l ec t ron  content along the 
. If we consider two f r e -  
The two-frequency receiver  actual l y  measures the d i f f e r e n t i a l  delay between 
L1 and L2, A T .  This can be w r i t t e n  as 
Solv ing f o r  K, 
Thus 
This  1 a s t  equat ion demonstrates t he  p r i n c i p l e  o f  the  two-frequency GPS 
rece iver .  However, t he  immediate i n t e r e s t  i s  t o  determine whether t he  
ionospheric delay can be modeled accura te ly  enough t o  e l im ina te  one o f  
t he  frequencies. 
The f i r s t  ionospheric de lay model s tud ied  i s  c a l l e d  the  " s l ab  
thickness" model. I t  r e l a t e s  the delay t o  fOF2, the c r i t i c a l  frequency 
o f  the  F2 reg ion  o f  t he  ionosphere. The parameter fOF2 has been r e g u l a r l y  
measured f o r  over 40 years by ionospheric sounders, c a l l  ed ionosondes. 
fOF2 i s  p ropor t iona l  t o  the  e l ec t ron  dens i t y  a t  the  maximum o f  t he  F2 
region, c a l l e d  NmaX. A second parameter which has been measured f o r  many 
years i s  MUF-F2, the  maximum usable frequency o f  the  F2 region, which has 
been shown t o  be c l o s e l y  r e l a t e d  t o  t he  he igh t  o f  the  maximum dens i t y  o f  
the F2 region. The ionospheric To ta l  E lec t ron  Content (TEC), prcpor- 
t i o n a l  t o  t ime delay, has been measured a t  on l y  a few sca t te red  l oca t i ons  
v i a  Faraday r o t a t i o n  e f f e c t s .  Klobuchar and Hawkins, however, have used 
ava i l ab le  TEC data t ~ ~ e n  a t  Hzmil ton, Massachusetts, t o  form the  r a t i o  
of  TEC d iv ided  by Nmax, which i s  c a l l e d  equ iva len t  s lab  thickness. Nmax 
values were obtained from fOF2 measurements made a t  Wallops Is land,  V i r -  
g i n i a .  Th is  s lab  thickness r a t i o  o f  two exper imenta l ly  measured quant i -  
t i e s  i s  a f i r s t - o r d e r  scale he igh t  o r  th ickness parameter o f  the  F2 iono- 
spher ic region. Thus, i f  a value o f  fOF2 i s  known, the ionospheric t ime 
delay can be obtained from 
-@$ (seconds) AT = 1 . 6 7 ~ 1 0  r 
where fOF2 i s  i n  MHz, T comes from the s lab  thickness model and i s  
expressed i n  km, and Fu i s  the GPS L1 c a r r i e r  frequency. 
A model f o r  T was der ived from the  e x i s t i n g  measured data. 
A model value o f  T i s  determined from 
where h i s  the  hour o f  the  day, M i s  t he  month o f  the year, and 10.7 i s  
the 10.7 cm so la r  f l u x  c o e f f i c i e n t  f o r  a l i n e a r  f i t .  These model coef-  
f i c i e n t s  a re  tabulated i n  Table 4. 
The e r r o r  i n  t h i s  s l a b  thickness model i s  shown p l o t t e d  i n  F igure 15. 
The e r r o r  i s  greatest ,  approximately lo%, du r i ng  the  n i g h t  hours s ince the 
t o t a l  ionospheric delay i s  l e a s t  a t  these times. Conversely, the e r r o r  
i s  smal lest ,  5%, dur ing  midday when, due t o  the add i t i ona l  i o n i z a t i o n  
caused by t he  sun, t he  ionospheric de lay i s  greatest .  Thus, i t  might  be 
concluded t h a t  t h i s  i s  an e x c e l l e n t  model ; however, the ser ious drawbacks 
f o r  t h i s  model a re  a5 fo l lows :  the model i s  appropr ia te  o n l y  f o r  a 
r e s t r i c t e d  geographic 1 oca le and, s ince approximately 4 k i  l o b i  t s  of com- 
pu te r  storage a re  requ i red  f o r  the model, excessive computer storage 
would be requ i red  f o r  a worldwide model. Furthermore, the research t o  
extend the model t o  a worldwide bas is  has y e t  t o  be performed. 
Several rnode;s o f  i m o s p h e r i c  delay have been developed by The 
Johns Hopkins Un i ve rs i t y  Appl i e d  Physics Laboratory.  An example o f  these 
models i s  an a lgor i thm i n  which t he  ionospheric group delay i s  obtained 
v i a  r ay - t r ac i ng  based on a p r i o r i  est imates o f  the  e l ec t ron  dens i t y  d i s -  
t r i b u t i o n .  The ionospheric group t ime delay i s  g iven t o  the  f i r s t  o rder  
where 
r(G, t )  = ionospheric group t ime delay of the  ranging s igna l  
between sate1 1 i t e  and nav iga to r  along the  geometric 
path G( t )  a t  t ime t, ns 
f = c a r r i e r  frequency, Hz 
N(;, t )  = e l ec t ron  dens i t y  a t  ? and t, e l e c t r o n s h  3 
-+ 
r = p o s i t i o n  vec to r  t o  a p o i n t  on G( t )  
ds = d i f f e r e n t i a l  element o f  a r c  along G( t ) ,  m 
A v e r t i c a l  e l ec t ron  dens i ty  p r o f i l e  i s  used t o  charac te r i ze  the 
e l ec t ron  dens i ty  d i s t r i b u t i o n .  The model f o r  t h i s  i s  shown i n  F igure 16. 
Th is  model i s  character ized by 11 parameters, each of which can be a 
func t ion  o f  geographic l oca t i on ,  time, so la r  a c t i v i t y ,  e t c .  The 11 
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Figure 16. Eleven-Parameter Ver t ica l  Electron 
Density Prof i 1 e 
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parameters are  determined i n  the f o l  lowing manner: 
(1) Density a t  5000 km--an ana ly t i ca l  func t ion  o f  the month o f  
the year and the gyrofrequency. 
(2) Density a t  1000 km--an ana ly t i ca l  funct ion of magnetic d i p  
and so la r  zeni th angle. 
F2 region 
(3)  Maximum e lec t ron  densi ty--obtained as a funct ion o f  geographic 
locat ion,  universal time, month, and so la r  index'from p r s l i c t i o n s  o f  fOF2 
ava i lab le  from NOAA. 
( 4 )  Height o f  the maximum--obtained as a funct ion o f  geographic 
locat ion,  universal time, month, and so la r  index from ?redict ions o f  
M(3000)F2 ava i l  able from NOAA. 
(5 )  Semi thickness--obtained as a funct ion of geographic locat ion, 
universal time, month, and so la r  index from pred ic t ions  o f  hmF2lymF2 
ava i lab le  from NOAA. 
F1 region 
(6)  Maximum e lec t ron  density--obtained as a func t ion  o f  so la r  
index and so la r  zen i th  angle from an empir ical  formula. 
(7) Height o f  maximum--ubta 
angle from an empir ical  formula. 
(8) Semi thickness--cons t a n t  
E region 
ined as a funct 
a t  50 km. 
ion  o f  so la r  zeni th 
(9 )  Maximum e lec t ron  density--obtained as a func t ion  o f  geo- 
graphic locat ion,  universal time, month, and so la r  index from predict ions 
of f O E  ava i lab le  from NOAA. 
(10) Height o f  maximum--constant a t  130 km. 
(11 ) Semithickness--constant a t  20 km. 
The res iduals f o r  t h i s ,  along w i t h  two other  APL algorithms, are 
shown p l o t t e d  f o r  three loca t icns  i n  Figure 17. I t  can be seen t h a t  the 
res iduals are on the order o f  10 nanoseconds, which i s  an excel l e n t  resu l t .  
As f a r  as applying t h i s  model t o  Space Shut t le  GPS navigation, however, 
there i s  the problem o f  gathering a l l  the per t inent  parameters discussed 
above, f o r  a wide geographic area and time, and s to r i ng  the data i n  the 
GPS receiver  computer. Thus, the two-frequency rece iver  hardware penalty 
must be examined i n  1 i g h t  o f  t h i s  software penalty.  
The major impact on GPS receiver  design of two-frequency, Ll/L2, 
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operat ion i s  i n  the front-end down-converter and i n  the receiver  
frequency synthesizer. Substant ial  increases i n  receiver  complexity are 
avoided by time mu1 t i p l e x l n g  the receiver  RF, IF, and bastband processing 
between the 11 and L2 frequencfes. Figure 18 shaws a t yp i ca l  RF front-end 
and down-converter design f o r  a two-frequency receiver .  The increased 
complexity due t o  L1 and L2 frequencies i s  shown by the dot ted 1 ines. 
The frequency synthesizer f o r  the same t yp i ca l  GPS receiver  design i s  
shown i n  Figure 19. Again, the increased complexity due tu  L1/L2 opera- 
t i o n  i s  ind icated by the dot:ed l i nes .  The added complexity t o r  L1/L2 
operation, r e l a t i v e  t o  the ove ra l l  rece iver  complex!ty, i s  s l i g h t .  When 
compared w i t h  the research, software, and computer f i  m a r e  requfred t o  
implement a su i tab le  ionospheric delay model, the conc lus io~ l  i s  reached 



















































































6.0 GPS RECEIVER TRACKING OF SHUTTLE TRANSIENT MANEUVERS 
The Shut t le  GPS receiver  t rack ins  -. ops must be s u f f i c i e n t l y  
narrowband so t h a t  the t rack ing  e r r o r  due t o  thermal noise i s  small. 
However, t h i s  s i t u a t i o n  general ly presents the c lass ic  coherent receiver  
trade-off  between 1 oop noise performance and dynamic maneuver t rack ing  
capab i l i t y .  That i s  t o  say, a narrowband loop i s  desi rable from a noise 
consideration, and a wideband loop i s  desirable from a dynamic t racking 
consideration. The analysis which f o l  lows examines the dynamic t rack ing  
performance for  the GPS receiver  c a r r i e r  and code loops. Typical values 
o f  bandwidth are used and the dynamics used are t yp i ca l  Orb i te r  on-orb i t  
maneuvers. 
The accelerat ion rate, o r  jerk,  p r o f i l e s  f o r  an Orb i te r  p i t c h  
maneuver s t a r t  and an OMS burn are shown i n  Figure 20. These p r o f i l e s  
have been modeled as pulses, as shown by the dot ted l i n e  i n  Figure 20. 
Although t h i s  i s  a worst-case model, i t  i s  a n a l y t i c a l l y  t rac tab le .  
The t racking loops f o r  both the  c a r r i e r  loop and the code lcop 
are taken as second-order phase lock  loops. The loop t rans fer  funct ion 
f o r  the second-order phase lock  loop i s  given by 
where 
r = AK T~ Fo 
Fo = T 2 / ~ i  
s = loop damping factor = E / 2  
w = loop natural frequency = E : r 2  n 
WL = two-sided noise bandwidth = ( r t l ) / 2 r 2  
The loop e r ro r  t rans fer  funct ion i s  given by 

A pulse i n  j e r k  i n  the t ime domain i s  given by 
where u ( t )  i s  the u n i t  step funct ion and 
where 
4 = accelerat ion r a t e  o r  j e r k  i n  f t l s e c .  3 
c = propagation v e l o c i t y  i n  f t / sec .  
9 fo = c a r r i e r  frequency i n  the case o f  the c a r r i e r  loop ( -1 .6~10 Hz)  
7 
= P code r a t e  i n  the case of the code loop ("1x10 Hz) 
I n  the s domain (Laplace transform), the pulse i n  j e r k  i s  given by 
The approach taken here w i l l  be t o  solve for  the t ime response f o r  
a step i n  j e r k  ( i  e . ,  ignore the emstl term) and then use superposit ion 
t o  get the pulse response by subtract ing the step response a t  t =  tl. The 
phase error ,  i n  the s domain, for the step i n  j e r k  i s  found t o  be 
r + l  where A = -
2 W ~  
The inverse transform i s  f i r s t  found fo r  the case o f  c r i t i c a l  damping; 
i.e., g =  1 
The more i n te res t i ng  case i s  f o r  5 = 0.707, f o r  which we f i n d  
Since t h i s  i s  the response t o  a step 
from superposit ion by using 
4 3 
i s  found 
The normal i zed second-order loop e r r o r  response f o r  both a step 
i npu t  of j e r k  and a ~ u l s e  i npu t  (10 msec wide) are shown p l o t t e d  i n  Fig- 
ure 21. I t  can be seen from the f i g u r e  that,  f o r  a step long enough i n  
durat ion, the loop e r r o r  w i l l  grow t o  the po in t  where the loop breaks 
lock. For a pulse input,  the loop e r r o r  reaches a steady-state value 
3 t h a t  i s  propor t ional  t o  the inverse o f  BL . Thus, the des i re  f o r  wider 
t rack ing  bandwidths t o  accommodate dynamic t rack ing  can be seen. 
The GPS c a r r i e r  loop and code loop er rors  f o r  the Shut t le  p i t c h  
s t a r t  j e r k  input  are shown p l o t t e d  i n  Figure 22. The c3de loop bandwidth 
o f  B L =  1 Hz has purposely been chosen t o  be somewhat narrower than the 
actual case t o  accomplish a worst-case evaluat ion. Even so, the code 
loop e r r o r  i s  seen t o  be only  P code chips, o r  abcur 1 ft. This 
e r r o r  i s  i n s i g n i f i c a n t .  The c a r r i e r  loop bandwidth o f  10 Hz i s  a lso  
somewhat narrow for purposes o f  worst-case evaluat ion. Even so, the 
c a r r i e r  loop e r r o r  i s  seen t o  be on l y  about radians. This e r r o r  i s  
t o t a l l y  i ns ign i f i can t .  Thus, i t  i s  concluded tha t  t y p i c a l  on-orb i t  
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